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The glycoprotein hormone erythropoietin regulates the level of 
oxygen in the blood by modulating the number of circulating 
erythrocytes, and is produced in the kidney 1 " 4 or liver 9,6 of adult 
and the liver 73 of fetal or neonatal mammals. Neither the precise 
cell types that produce erythropoietin nor the mechanisms by which 
the same or different cells measure the circulating oxygen con- 
centration and consequently regulate erythropoietin production 
(for review see ref . 9) are known. Cells responsive to erythropoietin 
have beea identified In the adult bone marrow 10 , fetal liver 1 1 or 
adult spleen 12 . In cultures of erythropoietic progenitors, eryth- 
ropoietin stimulates proliferation and differentiation to more 
mature red blood cells. Detailed molecular studies have been 
hampered, however, by the Impurity aad heterogeneity of target 
cell populations and the difficulty of obtaining significant quan- 
tities of the purified hormone. Highly purified erythropoietin may 
be useful in the treatment of various forms of anaemia, particularly 
in chronic renal failure 1 *" 15 . Here we describe the cloning of the 
human erythropoietin gene and the expression of an erythropoietin 
cDNA clone In a transient mammalian expression system to yield 
a secreted product with biological activity. 
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Fig. t Northern analysis of human fetal 
liver mRNA. Human fetal liver (5 jig) and 
adult liver mRNA (5 p-g) were elec- 
trophoresed in a 0.8% agarose/ formal- 
dehyde gel and transferred to nitrocel- 
lulose as described previously 41 . An eryth- 
ropoietin-specific single-stranded probe 
was prepared from an M13 template con- 
taining the 87-bp exon of the human eryth- 
ropoietin gene; the primer was a 20mer 
derived from the same tryptic fragment as 
the original 1 7 mer probe. The 32 P-labelled 
probe was prepared as described pre- 
viously 42 except that after digestion with 
Sma\ t the small fragment was purified 
from the M13 template by chromatogra- 
phy on a Sepharose CL4b column in 0. 1 M 
NaOH/0.2 M NaCI. The filter was hybrid- 
ized to -5xl0*c.p.m. of this probe for 
12 h at 68 °C, washed in 2 x SSC at 68 °C 
and exposed for 6 days with an intensify- 
ing screen. Marker mRNAs of -2,200 
and 1,000 nucleotides (indicated by 
arrows) were run in an adjacent lane. 

Methods. Erythropoietin was purified as described previously 27 
except that the phenol treatment was eliminated and replaced by 
heat treatment at 80 °C for 5 min to inactivate neuraminidase and 
the final step in the purification was fractionation on a C-4 Vydac 
reverse-phase HPLC column (Separations Group) using a 0-95% 
acetonitrile gradient in 0. 1% trifluroacetic acid (TFA) over 100 min. 
The position of erythropoietin in the gradient was determined by 
get electrophoresis and N -terminal ami no-acid sequence analysis 14 
of the major peaks and comparing sequences obtained with those 
previously reported for erythropoietin 21-23 . Using this approach, 
erythropoietin was shown to elute at -53% acetonitrile and rep- 
resented 40% of the total eluted protein. Fractions containing 
erythropoietin were evaporated to — 100 u.1, adjusted to pH 7 with 
1 M ammonium bicarbonate and digested to completion with 
TPCK-treated trypsin (Worthington) (2% w/w enzyme/ substrate) 
for 18 h at 37 °C. The tryptic digest was then subjected to reverse- 
phase HPLC using the conditions described above and the absorb- 
ance at both 280 and 214 nm monitored. Well-separated peaks 
were evaporated to near dryness and subjected directly to N- 
terminal sequence analysis 16 using an Applied Biosystems Model 
470A gas phase sequenator. The sequences obtained are underlined 
in Fig. 2. Two of these tryptic fragments were chosen for synthesis 
of oligonucleotide probes. From the sequence Val-Asn- 
Phe-Tyr-Ala-Trp-Lys a 17 mer of 32-fold degeneracy 
(5'd(TTCCANGCG A TAG A AAG A TT); pool 1) and a partially 
overlapping 18 mer of 128-fold degeneracy (5'd(CCANG 
CG A TAG A AAG A TTNAC); pool II) were prepared on an Applied 
Biosystems Model 3 80 A DNA synthesizer. From the sequence 
Val-Tyr-Ser-Asn-Phe-Leu-Arg. two pools of 14 mers, each 48-fold 
degenerate (5d(TAC T A T GgT N AAT c TTT c CT); pool III) and 
5'd(TAC T A T GcT N AAT c TTT c TT) ; pool IV), which differ at the 
first position of the leucine codon, were prepared. The oligonucleo- 
tides were labelled at the 5' end using polynucleotide kinase (New 
England Biolabs) and [y- i2 P]ATP (NEN). The specific activity of 
the oligonucleotides varied between 1,000 and 3,000 Cimmol" 1 
oligonucleotide. A human genomic DNA library in bacteriophage 
A 4 * was screened using a modification of the in situ amplification 
procedure described originally by Woo et al. 44 and using 
tetramethylammonium chloride as the hybridization salt (see also 
refs 45-47; K.J. tt ai t in preparation). Two independent phage 
(designated A HEPOl and A HEP02) hybridized to all three probes. 
DNA from A HEPOl was digested to completion with Sau3A and 
subcloned into M 13 for DNA sequence analysis using the dideoxy 
chain termination method 47 . Analysis of this DNA sequence 
revealed an open reading frame which precisely codes for the 
tryptic fragment used to deduce pool I. This open reading frame 
was contained in an 87-bp exon, bounded by potential splice 
acceptor and donor sites. Confirmation that A HEPOl and 
AHEP02 contain portions of the erythropoietin was obtained by 
identification, through further DNA sequencing of additional 
exons encoding amino-acid sequences corresponding to previously 
determined sequences of tryptic fragments of purified eryth- 
ropoietin (see Figs 2, 3). 
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Fig. 2 Nucleotide and amino-acid sequence 
of an erythropoietin fetal liver cDNA. A 95- 
nucleotide probe identical to that described in 
Fig. 1 was prepared and used to screen a fetal 
liver cDNA library in the vector ACh21 A 20 
using standard plaque screening 48 procedures. 
Three independent positive clones (designated 
AHEPOFL6 (1,350 bp). AHEPOFL8 (700 bp) 
and AHEPOFL12 (1,400 bp)) were isolated fol- 
lowing screening of t x 10* plaques. The entire 
insert of A HEPOFL13 was sequenced following 
subcloning into Ml 3. The 5'* and 3'-untrans- 
lated sequences are in lower case letters, the 
coding region in upper case letters. Small filled 
triangles indicate positions of introns as deter- 
mined from sequencing of the erythropoietin 
gene (Fig. 3). The deduced amino-acid 
sequence is given above the nucleotide 
sequence and is numbered beginning with 1 for 
the first amino acid of the mature protein. The 
putative leader peptide is indicated by capital 
letters for the amino-acid designations. Cys- 
teine residues in the mature protein are indi- 
cated additionally by SH and potential N- 
1 inked glycosylation sites by an asterisk. The 
underlined amino acids indicate those residues 
identified by N-terminal protein sequencing or 
by sequencing tryptic fragments of eryth- 
ropoietin as described in Fig. I. Partial under- 
lining indicates residues in the amino-acid 
sequence of certain tryptic fragments which 
could not be determined unambiguously. Par- 
tial DNA sequence analysis indicated that 
A H EPOFL8 contained an additional 39 nucleo- 
tides of the 5'-untranslated sequence (see Fig. 
3) and ended at the Arg codon at amino-acid 
position 162, but was otherwise identical to 
AHEPOFL13 in the residues sequenced. Com- 
plete sequence analysis of AHEPOFL6 indi- 
cated that it was identical to AHEPOFL13 
except that the 5 '-untranslated sequence and 
first 13 nucleotides of the coding region were 
absent and replaced by the 3' 107 nucleotides 
of the intron between exons I and II (see Fig. 
3). Thus, the AHEPOFL6 cDNA clone seems 
to be derived from a partially spliced mRNA 
that processed out correctly all intervening 
sequences except for the one between exons I 
and II. 
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Approximately I0u.g of human erythropoietin was purified 
from the urine of patients with aplastic anaemia and digested 
to completion with trypsin. The tryptic fragments were then 
purified by reverse-phase HPLC and subjected to microsequence 
analysis (ref. 16; see Fig. 1). We prepared highly degenerate 
synthetic oligonucleotides based on the amino-acid sequences 
and used these oligonucleotides to isolate the erythropoietin 
gene from a bacteriophage A library of human genomic DNA 
(see Fig. 1). 

The erythropoietin genomic clones were then used to deter- 
mine whether human fetal liver is a potential source of messenger 
RNA for complementary DNA cloning, because erythropoietin 
is released from mouse 17 , sheep 18 and human 19 fetal liver. 
Human fetal (20-week-old) and adult liver mRNAs were ana- 
lysed by Northern blotting using as a probe a 95 -nucleotide 
single-stranded fragment containing the 87-base pair (bp) exon 
described in Fig. 1 . A strong signal was detected in fetal liver 
mRNA corresponding to an mRNA — 1 ,600 nucleotides in length 
(Fig. I). An mRNA of identical size was detected weakly in 
adult liver mRNA and transcripts of —2,000 nucleotides were 
detected weakly in both fetal and adult mRNA. The same probe 
was then used to isolate cDNA clones from a bacteriophage A 
cDNA library constructed from the fetal liver mRNA . 



The complete nucleotide and deduced amino-acid sequence 
for the largest of these clones (designated AHEPOFLI3) is 
shown in Fig. 2. The erythropoietin coding information is con- 
tained in 579 nucleotides in the 5' half of the cDNA and encodes 
a hydrophobic 27-amino-acid leader peptide followed by the 
166-amino-acid mature protein. The identification of the N- 
terminus of the mature protein is based on the N-terminal 
sequence of the protein secreted in the urine of patients with 
aplastic anaemia as determined originally by Goldwasser 2, ' M 
and later confirmed (Fig. I and ref. 23). The amino acids under- 
lined in Fig. 2 indicate the protein sequences obtained (see Fig. 
1 legend) either from the N-terminus of intact erythropoietin 
or from purified tryptic fragments. The deduced amino-acid 
sequence agrees precisely with the protein sequence data, con- 
firming that the isolated cDNA encodes human erythropoietin. 

To demonstrate that biologically active erythropoietin could 
be expressed from the cloned cDNA. we performed transient 
expression experiments in COS cells . The vector (p9!023B) 
contains the adenovirus major late promotor, a simian virus 40 
(SV40) polyadenylation sequence, an SV40 enhancer and origin 
of replication and the adenovirus virus-associated (VA) 
gene"* 26 . Erythropoietin cDNA was inserted into the p91023B 
vector downstream of the adenovirus major late promotor (Fig. 
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Fig. 3 Structure of the erythropoietin gene. The relative sizes and positions of four independent genomic clones (AHEPOl, 2, 3, and 6) 
described in the text are illustrated by the overlapping lines in a. The thickened line indicates the position of the erythropoietin gene. The 
region containing the gene was sequenced completely from both strands using an exonuclease III generated series of deletions (C.S., unpublished 
observations) through this region, b, A schematic representation of five exons coding for erythropoietin mRNA. The precise 5' boundary of 
exon I is unknown (indicated by the broken box). The 5' boundary of exon I shown here is derived from AHEPOFL8, which has a 5 untranslated 
region 39 nucleotides longer than that of A HEPOFL13. The protein coding portion of the exons are darkened, c, Complete nucleotide sequences 
of the region. Exon sequences are given in capital letters; intron sequence in lower case letters. The location of exons I-V are indicated by 
the bars with numerals on the left. Because of difficulties in interpreting sequencing gel data from the very G + C-rich regions of exon I, the 

level of certainty for exon I sequence is reduced slightly. 



2). After transfection of this construct into COS-1 cells, eryth- 
ropoietin activity was detected by assays of the culture super- 
natant (Table 1 ). 

Thus, the protein originally purified by Miyake et a/. 27 and 
containing the N-terminus Ala- Pro- Pro- Arg. . . is erythropoietin 
(refs 21, 23; Fig. 2). Western blotting (using a polyclonal anti- 
erythropoietin antibody) indicates that erythropoietin produced 
in COS cells has a mobility on SDS-polyacrylamide gels identical 
to that of the native hormone prepared from human urine (data 
not shown). 



As well as the clones described above (AHEPOl and 
AHEP02), two other genomic clones (A HEP03 and AHEP06) 
were isolated in subsequent screens of the human genomic 
library (Fig. 3a). Hybridization analysis of the cloned DNAs 
with oligonucleotide probes and with probes prepared from the 
erythropoietin cDNA clones positioned the erythropoietin gene 
in the 3.3-kilobase (kb) region in Fig. 3a. Complete sequence 
analysis of this region and comparison with the cDNA clones 
gave the map of intron and exon structure of the erythropoietin 
gene (Fig. 36, c) ; the erythropoietin mRNA is encoded by at 
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Table 1 Assay for detection of erythropoietin activity 



Assay method 


Activity 


In vitro CFU-E 


2.0±0.5Uml" 1 


In vitro 3 H-thymidine 


3.1 ± 1.S U ml"' 


In vivo exhypoxic mouse 


1 UmP 1 


In vivo, starved rat 


2.4 U ml" 1 



The cDNA insert from AHEOPOFLI3 was inserted into the vector 
p91023B (ref. 25) described in the text. Purified DNA (8 »g) was then 
used to transfect SxIO 6 M6 COS cells 17 using the DEAE-dextran 
method 23 ; 12 h after transfection the cells were washed and exposed to 
media containing 10% fetal calf serum for 24 h. Cells were then changed 
to 4 ml serum-free media and collected 48 h later. In vitro biologically 
active erythropoietin was measured using either a colony-forming assay 
with mouse fetal liver cells as a source of erythroid colony-forming units 
(CFU-E)" or a 'H-thymidine uptake assay using spleen cells from 
phenyl hydrazine-injcctcd mice 12 . Activities are expressed in units ml" 1 , 
using a commercial, quantified erythropoietin (Toyobo, Inc.) as a stan- 
dard. The sensitivities of the assays are -25 mU mP 1 . In vivo biologi- 
cally active erythropoietin was measured using either the hypoxic 
mouse 3 * or the starved rat 40 method. The sensitivities of these assays 
are - 100 mU ml" 1 . No activity was detected in cither assay from mock- 
conditioned media. In subsequent experiments with the same vector, 
expression levels as high as 25 ±3 U ml" 1 ( 3 H-thymidine assay method) 
have been observed. 

least five exons. Exons II, III, IV and parts of I and V contain 
the protein coding information, whereas the rest of exons I and 
V encode the 5'- and 3'untranslated sequences, respectively. 
Exon I is 80% G + C and is surrounded by sequences equally 
G + C-rich. The CpG dinucleotide frequency in this region 
(-10%) is not significantly under-represented as it is in the 
remainder of the gene (-2%) and thus suggests a region of 
high methylation. The location of the actual cap site and the 
promoter region are not yet known. 

The 166-amino-acid sequence deduced from the cDNA clones 
agrees precisely with our 102 amino acids of partial sequence 
of human urinary erythropoietin, including 25 residues at the 
N-terminus and 77 residues in 9 internal tryptic fragments. The 
sequence differs at four positions from the N-termtnal sequences 
previously published 21 "", probably because of errors in interpre- 
tation or assignments in the original sequencing. The extent of 
identity between native human erythropoietin and the gene 
isolated here and the fact that we can detect only a single gene 
by genomic blotting with erythropoietin cDNA probes (data 
not shown) implies that the gene we have isolated is not a 
pseudogene or a closely related variant of the erythropoietin 
gene. If a second gene exists, it must be highly homologous over 
many kilobases to the gene described here. 

We have assigned the N-terminus of the mature protein based 
on the N-terminus of the protein released into urine of 
individuals with aplastic anaemia, consistent with the hypothesis 
that the preceding 27 highly hydrophobic amino acids constitute 
a secretory leader peptide. One or more of the amino acids 
preceding the presumed mature terminus may be normally 
secreted with the remaining protein as a pro-form of eryth- 
ropoietin, later processed to the native N-terminus. Amino-acid 
sequence analysis of tryptic fragments of urinary erythropoietin 
has not yet identified the fragment containing the C-terminal 
four amino acids (Thr-Gly-Asp-Arg; see Fig. 2). Thus, process- 
ing of erythropoietin may occur at the C- terminus and some or 
all of the final four amino acids encoded in the cDNA may be 
removed in this way. C-terminal sequencing of native eryth- 
ropoietin or identification of the fragment will be necessary to 
answer this question. 

There are four cysteines in the 166 amino acids of mature 
erythropoietin. Based on the sensitivity of the biological activity 
of erythropoietin to reducing agents (ref. 28 and T. Shimizu, 
personal communication), at least two of these residues must 
be involved in a disulphide bond. 

In the mature protein there are three predicted sites of 2V- 
linked glycosylation (residues 24, 38 and 83) based on the 
consensus glycosylation site Asn-X-Ser/Thr 29 . Amino-acid 



sequence analysis suggests that the asparagines at residues 24 
and 83 are glycosylated (data not shown) (residue 38 has not 
been examined). Native erythropoietin is highly glycosylated, 
displaying a complex, probably poly-antennary sugar struc- 
ture 30 . The relative molecular mass (M r ) of the protein backbone 
deduced from the primary sequence is 18,398. As the reported 
M r s for native erythropoietin determined by SDS gel elec- 
trophoresis are in the range 34,000-39,000 (refs 27, 31), nearly 
one-half of the apparent M r of erythropoietin must be con- 
tributed by the sugar side chains. Whether any of the glycosyla- 
tion is the result of O-linked glycosylation is unknown. The 
terminal sialic acid residue(s) of native erythropoietin is required 
for full in vivo biological activity but is not necessary for in vitro 
activity 32 . This effect may result from enhanced clearance of 
asialylated erythropoietin from the circulation by the liver 33 . 
The biological activity of a completely unglycosylated eryth- 
ropoietin may now be assessable using a recombinant system. 

Lee-Huang 34 recently reported the isolation of an eryth- 
ropoietin cDNA clone from mRNA of a human kidney car- 
cinoma. As no sequence information was provided, we are 
unable to compare the erythropoietin clones described here with 
the cDNA clone of Lee-Huang 34 . Fyhrquist et al yi have sug- 
gested that renin substrate (angiotensinogen) may be the eryth- 
ropoietin precursor. Our results argue against a large precursor 
and comparison of the human erythropoietin amino-acid 
sequence with the rat angiotensinogen protein sequence 36 reveals 
no regions of homology and further argues against any relation- 
ship between the two polypeptides. Finally, extensive com- 
parison of the erythropoietin amino-acid and cDNA sequence 
with sequences contained in both the National Biomedical 
Research Foundation and Genbank data bases has revealed no 
significant homology with any published sequence. 
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for technical support, Elizabeth Orr for help with the computer 
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Although promoter regions for many plant nuclear 
been sequenced, Identification of the active promoter sequence has 
been carried out only for the octoplne synthase promoter 1 . That 
analysis was of callus tissue and made use of an enzyme ssssy. 
We have analysed the effects of 5' deletions in a plant viral 
promoter in tobacco callus as well as In regenerated plants, Includ- 
ing different plant tissues. We assayed the RNA transcription 
product which allows a more direct assessment of deletion effects. 
The cauliflower mosaic virus (CaMV) 35S promoter provides a 
model plant nuclear promoter system, as its double-strand DNA 
genome is transcribed by host nuclear RNA polymerase II from 
a CaMV mlnichromosoree 1 . Sequences extending to -46 were 
sufficient for accurate transcription Initiation whereas the region 
between -46 and -105 increased greatly the level of transcription. 
The 35S promoter showed no tissue-specificity of expression. 

The 3SS promoter region was isolated as a Bglll fragment 
extending from -941 to +208 with respect to the transcription 
start site mapped for the 35S RNA found in CaMV-infected 
turnip leaves . The polyadcnylation site for the 19S and 35S 
CaMV transcripts located at +180 (ref. 3) was deleted, as 
described in Fig. 1 legend, to eliminate any possible processing 
signals in the promoter fragment. A 3' deleted promoter fragment 
extending to +9 was deleted at its 5' end (see Fig. 1) and 
fragments extending to -343, -168, -105 and -46 were chosen 
for analysis. 

An abbreviated human growth hormone gene (hgh)* was 
added as a test gene downstream to the 35S promoter deletion 
fragments. Information on plant cell recognition of animal gene 
splice and 3' polyadcnylation signals obtained from analysis of 
hgh RNA transcribed in transformed plant cells will be presen- 
ted elsewhere (A. Hunt, N. Chu, J.T.O., F.N. and N.-H.C, in 
preparation). The 35S promoter- hgh chimaeric gene was inser- 
ted in the pMON178 tumour-inducing (Ti)-plasmid vector, a 
derivative of pMON120 (ref. 5). Included in this vector is the 
nopaline synthase (NOS) promoter placed 5' to the neomycin 
phosphotransferase- 1 1 (npi-II) coding region (NOS promoter- 
npMl gene), which is co-transferred with the 35 S promoter- hgh 
gene into the tobacco genome and provides an internal standard 
for comparison of the activities from different 35S promoter 
deletion fragments. 

Following tri-parental matings 5,6 , Agrobacterium tumefaciens 
containing both chimaeric genes was used to infect SRI 
Nicotiana tabacum cells by wounding 9 and co-cultivation 5,7 . 



Fig. 1 Construction of 35 S promoter region fragments. A 1 . 1 5-kb 
Bglll fragment was subcloned from pCSlOl, a clone containing 
the entire Cabb-S CaMV genome 3 , into the Aim HI site of pUCI3. 
The resulting plasmid was linearized at the Sail site in the pUC13 
polyiinker next to the 3' end of the promoter fragment, digested 
with Ball I exonuclease", ligated to Hmdlll linkers and rerircular- 
ized. Clones were analysed for the extent of 3' deletion by poly aery - 
lamide gel sizing of the ArcI/HindUI fragments and finally by 
dideoxy sequencing 12 of subclones in pUC using the universal 
primer. The plasmid containing a 3' deletion fragment with the 
Hindlll linker at +9 was linearized with AccI (site at -391), 
digested with Sa/31 exonuclease, ligated to Clal linkers and recir- 
cularized. Clones were analysed for the extent of 5' deletion by 
polyacrytamide gel sizing of the Clal/ Hindi II fragment, followed 
by dideoxy sequencing of subclones in pUC using either the 
universal primer or primer generation by exonuclease III diges- 
tion 13 . Above is the sequence of the -105 to -25 region of the 35S 
promoter 14 with TATA-box, CAAT-box, inverted repeat and core 
enhancer sequence regions marked. 
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Fig. 2 Southern blot analysis of DNA from transformed tobacco 
calli. DNA was prepared, digested with £coRI, electrophoresed 
on a 0.7% agarose gel and blotted onto a nitrocellulose filter 15 . A 
plasmid constructed to serve as the hybridization probe contains 
a BamHl/Smal hgh gene fragment and a Sam HI/ Bglll nphU 
gene fragment cloned into pUC12 (GH-Neo24). The plasmid was 
nick translated 16 and hybridized to the Southern blot by the method 
of Thomashow et aV . The following samples contain 15 |xg of 
calli DNA transformed with: lane I, -343 35S promoter- hgh ; lane 
2, -168 35S promoter- hgh ; lane 3, -105, 35S promoter- hgh ; lane 
4, -46 35S promoter- hgh. Reconstructions of the NOS promoter- 
rtpr-II gene and 35S promoter- hgh gene copy numbers contain 
1 5 p.g of control untransformed plant DNA mixed with different 
amounts of the pMON178 plasmid containing the — 105 3SS pro- 
moter- hgh gene: lane 5, I7pg= 1 copy; lane 6, 85pg = 5 copies; 
lane 7, 170 pg = 10 copies. The bands near the top of the filter in 
lanes 1-4 result from hybridization of the pBR322 sequences in 
the GH-Nco24 probe plasmid to pBR322 sequences in the 
integrated pMON178 Ti vector. In lanes 5-7 the upper bands are 
derived from other regions of the pMON178 plasmid. 
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Reduced functional deficits, neuroinflammation, 
and secondary tissue damage after treatment of 
stroke by nonerythropoietic erythropoietin 
derivatives 
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Carbamylerythropoietin (CEPO) does not bind to the classical erythropoietin (EPO) receptor. 
Nevertheless, similarly to EPO, CEPO promotes neuroprotection on the histologic level In short-term 
stroke models. In the present study, we investigated whether CEPO and other nonerythropoietic 
EPO analogs could enhance functional recovery and promote long-term histologic protection after 
experimental focal cerebral ischemia. Rats were treated with the compounds after focal cerebral 
ischemia. Animals survived 1, 7, or 60 days and underwent behavioral testing (sensorimotor and 
foot-fault tests). Brain sections were stained and analyzed for lba-1, myeloperoxidase, Tau-1, CD68 
(ED1), glial fibrillary acidic protein (QFAP), Fluoro-Jade B staining, and overall Infarct volumes. 
Treatment with CEPO reduced perifocal microglial activation (P<0.05), polymorphomonuclear cell 
Infiltration (P<0.05), and white matter damage (P<0.01) at 1 day after occlusion. Carbamylery- 
thropoletln-treated rats showed better functional recovery relative to vehicle-treated animals 
as assessed 1, 7, 14, 28, and 50 days after stroke. Both GFAP and CD68 were decreased within 
the Ipsf lateral thalamus of CEPO-treated animals 60 days postoperatively (P<0.01 and P<0.05 
respectively). Furthermore, behavioral analysis showed efficacy of CEPO treatment even If 
administered 24 h after the stroke. Other nonerythropoietic derivatives such as carbamylated 
darbepoetln alfa and the mutant EPO-S100E were also found to protect against ischemic damage 
and to Improve postlschemlc neurologic function. In conclusion, these results show that 
postishemic Intravenous treatment with nonerythropoietic EPO derivatives leads to Improved 
functional recovery, which may be linked to their long-term effects against neuroinflammation and 
secondary tissue damage. 

Journal of Cerebral Blood Flow* Metabolism (2007) 27, 552-563. doi:10.1038/sijcbfm.9600370; published online 12 Jury 
2006 
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Introduction 

Recombinant human erythropoietin (EPO) has 
shown widespread efficacy in animal models of 
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stroke (Sakanaka et al, 1998; Brines et al, 2000; 
Calapai et al, 2000; Siren et al, 2001; Brines and 
Cerami, 2005). Despite its large size, recombinant 
human EPO administered peripherally crosses the 
blood-brain barrier to protect against brain injury 
(Brines et al, 2000). Erythropoietin may act against 
ischemic damage at multiple levels including 
attenuation of apoptosis (Siren et al, 2001; Villa 
et al, 2003), and reduction- of brain inflammation 
(Villa et al, 2003). More recently, EPO treatment was 
shown to improve functional recovery, and enhance 
neurogenesis and angiogenesis after focal ischemia, 
suggesting a beneficial effect of EPO treatment 
on brain repair after stroke (Wang et al, 2004a). 
Translation of these research findings into thera- 
peutic application looks promising because the use 



Nonerythropoietic EPO derfvativw for the treatment of stroke 
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of erythropoietin in a small clinical trial in patients 
suffering from stroke improved neurologic scores 
and functionality (Ehrenreich ct al, 2002). 

In clinical situations that are likely to require 
multiple doses of EPO, a major limitation of the 
compound is that it would trigger unwanted over- 
stimulation of the bone marrow, raise the hematocrit 
and induce a procoagulant state. For instance, a high 
hematocrit in transgenic mice overexpressing human 
EPO is associated with increased susceptibility 
to ischemic damage (Wiessner et al, 2001). To 
circumvent this side effect issue, various strategies 
to dissociate erythropoietic and tissue-protective 
activities of EPO have been developed. For instance, 
asialoerythropoietin, an EPO derivative with a 
very short half-life generated by enzymatic desiaiy- 
lation of EPO, is neuroprotective in models of 
focal ischemia (Erbayraktar et al, 2003) and neo- 
natal hypoxia-ischemia (Wang et al, 20046) without 
increasing the hematocrit. More recently, we have 
described chemically modified forms of EPO such as 
carbamylerythropoietin (CEPO) or EPO mutants that 
do not bind to the classical EPO receptor (EPOR). 
These retain their tissuerprotective properties with- 
out effects on the bone marrow and hematocrit (Leist 
et al, 2004), Carbamylerythropoietin treatment re- 
duced brain infarction after focal ischemia to the 
same degree as reported for EPO and with a broad 
therapeutic window (4 h) (Leist et al, 2004). 

In the present study, we further explored the 
effects of CEPO and other nonerythropoietic deriva- 
tives of EPO on poststroke functional recovery, 
secondary tissue damage, and inflammation. 

Materials and methods 

Focal Ischemia Model 

All experimental proceduies weie performed in accoi dance 
with the directives of the European Communities Council 
Directive #86/609 for care of laboratory animals and in 
agreement with national regulations on animal research in 
Italy and Denmaik. Suigery was performed on male Crl:CD 
(SD)BR iats weighing 250 to 285 g [Charles River, Calco, 
Italy). Focal ischemic stroke within the distribution of the 
middle cetebial artery (MCA) was produced as described 
previously (Brines et al, 2000). Briefly, the light common 
carotid artery (CCA) was occluded by two sutures and cut. 
A buii hole adjacent and rostral to the right orbit allowed 
visualization of the MCA, which was cauterized distal 
to the rhinal artery. Animals were then positioned on a 
stereotaxic frame and the contralateral CCA was occluded 
for Ih by using traction with a fine forceps. Body core 
temperature was thermostatically maintained at 37°C by 
using a heating pad and a rectal thermistor (Letica, 
Barcelona, Spain) for the duration of the anesthesia. 

Reagents 

Carbamylerythopoietin was synthesized from rhEPO 
(Dragon Phaimaceuticals, Vancouver, Canada) as described 



earlier (Leist et al, 2004). Carbamylated daibepoetin alfa 
(Caranesp) was synthesized from Aranesp (darbepoetin 
alfa; Amgen, Thousand Oaks, CA, USA) using the same 
protocol. Carbamylation of EPO and darbepoetin alfa 
transformed all lysines to homocitrulline resulting in 
products lacking bioactivity in the in vitio UT7 hemato- 
poiesis assay and failing to bind to EPOR on these cells 
Generation of mutant EPO-S1Q0E was described pre- 
viously (Leist et al, 2004). 



Drug Treatments 

The drug doses (CEPO, 50^g/kg; Caranesp, 50j<g/kg; EPO- 
S100E, 50 fig/kg) were all equivalent with respect to the 
mass relation to approximately 5,000 ITJ/kg of EPO. Doses 
of nonerythropoietic derivatives were chosen based on the 
observation that equivalent doses of EPO and none- 
rythropoietic variants are required for neuroprotective 
effects (Erbayraktar et al, 2003; Leist et ah 2004; Wang et 
al, 20046). Drugs or vehicle (0.05% human serum albumin 
in phosphate-buffered saline) were administered intrave- 
nously Qt different time points after MCA occlusion as 
described in the text and figures. 

Neurologic Deficits 

Animals were evaluated for neurologic deficits using the 
limb placing and the foot-fault tests at different times 
after occlusion. The limb-placing test developed by De 
Ryck et al (1989) evaluates sensorimotor integration in 
limb-placing responses to visual, vibrissae, tactile, and 
proprioceptive stimuli. Foi each test, limb placing scores 
were 0, no placing; 1, incomplete and/or delayed (> 2 sees) 
placing; or 2, immediate and complete placing. Each test 
was repeated for each paw up to 10 times and for each 
body side; the maximum limb placing score was 16. The 
foot-fault test developed by Hernandez and Schallert 
(1988) measures the ability of the animal to integrate 
motor responses. The rats were placed on a grid with 
2 cm spaces between 0.3 cm diameter metal rods and wore 
observed for 2mins. With each weight-bearing step, the 
paw may fall or slip between the wires and this is 
recorded as foot-fault. The number of foot-faults for the 
paws contralateral and ipsilateral to the infarction was 
recorded with the number of successful steps and the foot- 
fault index was calculated as the percentage of contral- 
ateral limb foot-faults per limb step minus tho percentage 
of ipsilateral limb foot-faults per limb step Baseline foot- 
fault index as acquired in nontreated nonoperated rats was 
usually < 5 (data not shown) 

Infarct Assessment 

Infarct volumes were determined 24 h after MCA occlu- 
sion by quantitative imago analysis of triphenyl tetia- 
zolium chloride-stained 1-mm biain sections using a 
computerized image analysis system (AIS version 3.0 
software, Imaging Research. St Catherine's, ON, Canada) 
as described previously (Brines et a!, 2000). Alternatively, 
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infaict volumes weie measuied at day 7 aftei occlusion. 
Sections selected from predetermined coronal planes 
( + 5 2 to -7.4 mm from bregma) were stained with 
toluidine blue. Images of brain sections were captuied 
and measurements of hemispheric damage to cortical 
neuronal perikarya was determined by summation of 
coitical infaict volumes measuied in each biain slice 
using CAST software (Olympus, Denmark). Alternatively, 
the infarct volume was calculated as the percentage 
of infarct volume to the volume of the contralateral 
hemisphere (indirect volume calculation) as described 
previously (Zhang et al, 1997). 



Immunohistochemistry and Fluoro-Jade B Staining 

Animals were anesthetized with chloral hydrate and 
perfused transcardially with phosphate-buffered saline 
followed by 4% phosphate-buffered paraformaldehyde for 
15mins. Brains were cryoprotected in 30% sucrose, and 
sectioned into 20-^m coronal cryosections. Cryosections 
were processed as free-floating sections using the protocol 
based on the avidin-biotin-peroxidase technique as 
described previously (van Beek et al 2000). Alternatively, 
triphenyl tetrazolium chloride-stained slices were post- 
fixed in 4% paraformaldehyde fixative in phosphate 
buffer and paraffin-embedded. Four micron coronal 
sections were cut on a microtome and piocessed for 
immunohistochemistry using the same protocol as de- 
scribed above supplemented with antigen retrieval by 
microwaving in a citric acid buffer (lOmmol/L; pH 6). In 
all immunohistochemistry protocols, negative controls 
were performed by omitting the primary antibody, and 
this resulted in minimal detected signal in all cases. The 
following antibodies weie used: goat anti -human Iba-1 
(1:4,000; Abeam, Cambridge, UK; #Ab5076), mouse anti- 
rat CD68 (clone EDI; 1:50; Seiolec, Oxford, UK), rabbit 
anti-human myeloperoxidease (1:4,000; DAKO, Glostrup, 
Denmark; #A 0398), mouse anti-cow Tau-1 (clone PC1C6; 
1:5,000; Chemicon International, Temecula, CA, USA; 
#MAB3420), and rabbit anti-cow glial fibrillary acidic 
protein (GFAP) (1:4,000; DAKO; #Z 0334), Fluoro-Jade B 
staining was pei formed as described previously (Schmued 
et al t 1997). 



Staining Quantification 

Images were captured with a JenOptik ProgRes digital 
cameia and image analysis was performed on an Openlab 
imaging station (Improvision. Coventry, UK). Images horn 
brain areas were captuied as follows: perifocal coitex foi 
Ibal and GFAP (1.00 mm relative to bregma), infaicted 
core for myeloperoxidase and CD68 (1 00 mm relative to 
biegma), ipsilateral internal capsule and corpus callosum 
for Taul {-3.14mm relative to bregma). For examination 
of Fluoro-Jade B staining, images from whole ipsilateral 
striatum wcro captured (1.00mm relative to bregma). Foi 
quantification of thalamic GFAP and CD68 staining, 
images from whole ipsilateial thalamus were captured 
(-3 14mm relative to biegma). Density slicing of iegions 



of interest under standardized conditions was used to 
detect the area of staining (Staining Index) 

In Vitro Neuroprotection 

Primary neuronal cultures weie prepared from new born 
rat hippocampi by trypsinization, and cultured as de- 
scribed (Lcist et al 2004). On day 14, the cultures were 
challenged with 300/unol/L JV-methyl-D-as par rate for 
drains at ioom temperature After the cxcitotoxic insult, 
preconditioned medium was returned to the cultures for 
24 h, Cells were fixed in 4% paraformaldehyde, stained 
with Hoechst 33342 (Molecular Probes, Eugene, OR, USA) 
and condensed apoptotic nuclei weie counted. Approxi- 
mately 300 neurons were counted per condition in at least 
three separate wells and the experiments were repeated at 
least twice. 



Hematopoietic Bioactivity 

To test the hematopoietic bioactivity in a proliferation 
assay, the EPO-dependent human leukemia cell line UT7 
was obtained from Deutscho Sammlung von Mikroorganis- 
men und Zellkulturen (Braunschweig, Germany). The 
assay was performed as described previously (Erbayraktar 
et al 2003) over 48 h. Compounds were tested at 0.2 pmol/ 
L to 20nmol/L and proliferation was quantified using 
WST-1 reduction (Roche Applied Science, Indianapolis, 
IN, USA). 

Statistical Analysis 

Data are presented as mean values ±s.e.m. Cortical infarct 
distribution data at 7 days after occlusion were analyzed 
using ropeatod-moasuros analysis of variance followed by 
Bonferroni tests. For histopathologic data and comparison 
between vehicle- and CEPO-treated animals, a Student's 
f-test was used. The nonparametric Mann-Whitney and 
Kruskal-Wallis tests wore used to determine significant 
differences in neurologic scores when two or more groups 
were compared, respectively. 

Results 

Protection Against Ischemic Damage In Vivo and 
Excitotoxic Injury In Vitro by Caranesp 

Cortical infarct areas were significantly reduced 
by treatment with Caranesp and CEPO compared 
with vehicle in the 1-day survival group (31% and 
28% reduction from control, respectively; P<0.05; 
Figures 1A and IB). A significant (P<0.01) im- 
provement in sensorimotor function was observed 
in Caranesp- and CEPO-treated animals compared 
with vehicle-treated rats (Figure 1C). Caranesp 
prevented N-methyl-D-aspartate-induced apoptosis 
of primary hippocampal cells (P< 0.001; Figure ID) 
but completely lacked bioactivity in the in vitro UT7 
hematopoiesis assay (Figure IE). 
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Figure 1 Neuroprotective properties of CEPO and Caranesp. (A) representative images of tetraphenyl tetrazolium chloride-stained 
sections 24 h after occlusion. (B) Total infarct volume as measured at 24 h after occlusion. Vehicle, Caranesp, or CEPO were 
administered intravenously 1 h after occlusion. Cortical infarct volume was significantly reduced by CEPO and Caranesp treatment 
(n » 8 and 9, respectively) compared with vehicle group (n = 9). *P< 0.05 compared with vehicle group; Student's f-test. (C) De 
Ryck sensorimotor test. The impairment in the sensorimotor test was significantly reduced by CEPO and Caranesp treatment. 
**P<0.01 compared with vehicle group; KruskaMrVallis. Note that Caranesp protected against ischemic injury and restores 
sensorimotor function to a similar extend as CEPO. (D) Effect of Caranesp on A/-methyl-D-aspartate-induced toxicity In primary 
hippocampal neurons. Caranesp protects neurons against excitotoxicity. ***P < 0.001 compared with /V-methyl-o-aspartate-treated 
primary cortical neurons; Student's f-test. (E) Hematopoietic bioacttvity of CEPO and Caranesp in the UT7 EPO-dependent human 
leukemia cell line proliferation assay. 



Attenuation of Postishemic Perifocal Microglial 
Activation and Polymorphonuclear Leukocyte 
Infiltration by Carbamylerythropoietin Treatment 

Triphenyl tetrazolium chloride-stained slices from 
vehicle- and CEPO-treated rats (1-day survival 
groups) were further processed for immunostaining 
for inflammatory markers including GFAP, Iba-1, 
and myeloperoxidase. At 1 day after occlusion, 
GFAP expression in the perifocal area was not 
significantly (P>0.05) increased compared with 
contralateral control area (data not shown). Glial 
fibrillary acidic protein expression was not affected 
by CEPO treatment (data not shown). Iba-l-positive 
microglia were observed in regions surrounding the 
ischemic core (Figure 2A) and numerous polymor- 
phonuclear leukocytes stained for myeloperoxidase 
were seen in the ischemic core (Figure 2B). Very few 
CD68-positive macrophages were observed within 



the infer cted core (data not shown). Carbamylery- 
thropoietin treatment was found to reduce perifocal 
microglial activation (P<0.05; Figure 2 A) as well 
as polymorphonuclear leukocyte infiltration within 
the ischemic core (P<0.05; Figure 2B). 



Reduction of Ischemic White Matter Ischemic Damage 
by Carbamylerythropoietin Treatment 

Ischemic insult to oligodendrocytes was assessed 
by Tau-1 immunostaining as described previously 
(Valeriani et ai t 2000). After 24 h occlusion, cells 
positive for Tau-1 with the characteristic morpho- 
logy of oligodendrocytes, featuring a thin rim of 
cytoplasm and small soma, were present throughout 
ipsilateral gray and white matter, as described 
previously (Dewar and Dawson, 1995; Valeriani et aJ, 
2000). In particular, Tau-1 -positive oligodendrocytes 
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Figure 2 Reduction of postischemic microglial activation and polymorphonuclar leukocyte infiltration by CEPO. (A) Representative 
photomicrographs and quantification of perifocal microglial activation assessed with lba-1 immunoreactivity. (B) Representative 
photomicrographs and quantification of myeloperoxidase (polymorphonuclear leukocytes) staining within the ischemic core. (C and 
D) Representative photomicrographs and quantification of Tau-1 (white matter damage) immunoreactivity in the ipsilateral internal 
capsule (C) and subcortical white matter (D). Rats were treated intravenously with vehicle [n = 9) or CEPO (n = 8) 1 h after occlusion 
and killed 24 h after occlusion. *P < 0 05, **P < 0.01, and ***P< 0.001 compared with vehicle-treated animals; Student's f-test. 



were consistently observed in the ipsilateral internal 
capsule {Figure 2C) and subcortical white matter 
(Figure 2D). The extent of oligodendrocyte patho- 
logy in the internal capsule (Figure 2C) and 
subcortical white matter (Figure 2D) ipsilateral to 
the occluded MCA was significantly (P< 0.001 and 
P<0.01, respectively) reduced in the CEPO-treated 
group compared with the vehicle-treated group. 



Reduced Striatal Damage by Carbarn yleryt hr op oietin 
Treatment 7 Days After Occlusion 

Fluoro-Jade B staining revealed extensive neurode- 
generation in the ipsilateral but not the contralateral 
striatum, as assessed at 7 days postoperatively 



(Figure 3A). Intravenous treatment with CEPO 
(50/xg/kg) administered 3, 24, and 48 h after occlu- 
sion significantly (P<0.01) attenuated striatal 
(subcortical) damage (86% reduction from control; 
Figure 3B). Nevertheless, cortical infarct volume, as 
assessed by either direct (Figure 3C) or indirect (data 
not shown) calculation methods, was not signifi- 
cantly (P>0.05) reduced in rats treated with CEPO 
administered 3h or 3, 24, and 48 h after occlusion 
compared with the vehicle group (Figure 3C). 

Improvement of Neurologic Outcome After 
Erythropoietin Treatment 7 Days After Occlusion 

We further assessed the effect of EPO treatment on 
cortical infarct volume and behavioral outcome. 
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Figure 3 Protection against delayed striatal injury by CEPO. (A) Fluoro-Jade B staining shows extensive neuronal damage in the 
cortex and the striatum at day 7 after occlusion In a vehicle-treated animal- (B) Quantitative analysis of Fluoro-Jade B staining within 
the ipsilateral striatum. Carbamy (erythropoietin treatment (3, 24, and 48 h after occlusion; n = 5) protects the ipsllateral striatum 
against ischemic damage. **P < 0.01 compared with vehicle group; Student's f-test. (C) Rostrocaudal distribution of cortical areas 
of infarction 7 days after MCA occlusion at 14 coronal levels as assessed using toluidine blue staining. Carbamylerythropoietln 
treatment administered 3 h (n = 7) or 3, 24, and 48 h (n = 5) after occlusion has no effect on cortical infarct volume when compared 
with vehicle-treated rats (n » 5) as assessed by toluidine blue staining. Data were analyzed using repeated-measures analysis of 
variance followed by Bonferronl tests. 



Cortical infarct volume was not significantly 
(P>0.05) reduced in rats treated with EPO, as 
assessed by either direct (Figure 4A) or indirect 
(data not shown) calculation methods. Animals 
subjected to ischemia showed an increase in con- 
tralateral (left) limb placing deficits on the De Ryck 
sensorimotor test (Figure 4B) as well as in contral- 
ateral forelimb foot-faults on the Hernandez- 
Schallert foot-fault test (Figure 4C). No deficits in 
ipsilateral limb placing in animals with cerebral 
ischemia were observed (data not shown). Sham- 
opeTated animals had no impairment in limb 
behavior at any time periods and their score was 
16 (data not shown). Treatment with EPO signifi- 
cantly improved neurologic outcome on the De Ryck 
(Figure 4B) and the foot-fault (Figure 4C) tests at 
days 1 and 7 after stroke. 



Rescue of Neurologic Function by 
Carbamylerythropoietin Treatment 

Carbamylerythropoietin- treated rats showed a sig- 
nificant (P<0.05) enhancement in recovery of 
contralateral limbs at 28 and 50 days after occlusion 
(Figure 5A). Moreover, CEPO-treated rats had a 
significantly (P<0.05) better contralateral forelimb 
performance on the Hernandez-Schallert foot-fault 
test than the vehicle-treated animals within 7 days 
of treatment. This effect was sustained at every 
observational point throughout the survival period 
(Figure 5B). The two dosing regimes used (3 h versus 



3, 24, and 48 h after occlusion) provided identical 
beneficial effects on functional deficits (Figures 5A 
and 5B). 



Reduction of Delayed Postischemic Thalamic Gliosis 
by Carbamylerythropoietin 

In addition to changes in the cortical infarct region, 
a dense homogeneous astrogliosis occurred in fiber 
tracts connecting cortex and thalamus and in the 
corresponding thalamic nuclei at 60 days after 
occlusion as assessed by CFAP imraunostaining 
(Figure 5C). The extent of thalamic GFAP immuno- 
staining significantly (P<0.05) correlated to beha- 
vioral impairment in the foot-fault test at day 50 
after stroke, whereas the correlation analysis did not 
reach significance for the De Ryck sensorimotor test 
(data not shown). Carbamylerythropoietin treatment 
significantly (P<0.01) reduced GFAP density in the 
thalamic nuclei ipsilateral to the ischemic insult 
(Figures 5C and 5D). Glial fibrillary acidic protein- 
positive astrocytic cell bodies and processes in the 
ipsilateral thalamus were consistently thicker in 
vehicle-treated animals compared with CEPO-trea- 
ted rats (Figure 5C). Microglia/macrophage activa- 
tion was prominent within the ipsilateral thalamus, 
as assessed by CD68 immunostaining (Figure 5E). 
Microgliaymacrophage activation significantly 
[P< 0.001) correlated with functional deficit as 
measured in the foot-fault test 50 days after stroke. 
In contrast, the outcome of the De Ryck sensorimotor 
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Figure 4 Rescue of neurologic function by EPO treatment. (A) 
Rostrocaudal distribution of cortical areas of infarction 7 days 
after MCA occlusion at eight coronal levels as assessed using 
toluidine blue staining. Erythropoietin treatment administered 
3h after occlusion (n = 7) has no effect on cortical infarct 
volume when compared with vehicle-treated rats (n = 7) as 
assessed by toluidine blue staining. Data were analyzed using 
repeated -measures analysis of variance followed by Bonferroni 
tests. (B) De Ryck sensorimotor test. Erythropoietin treament 
Improved sensorimotor function 1 and 7 days after occlusion. 
(B) Foot-fault test. Erythropoietin-treated rats had a better 
contralateral forelimb performance on the Hernandez-Schallert 
foot-fault test than the vehicle-treated animals 1 and 7 days 
after stroke. **P<0.01 and ***/>< 0.001 compared with 
vehicle group; Kruskal-Wallis test. 



test did not significantly (F> 0.05) correlate to micro- 
glia/macrophage activation. Carbamylerythropoietin 
treatment significantly (P<0.01) reduced CD68 im- 
munostaining (Figures 5E and 5F), with CEPOtreated 
animals showing less retracted and thinner CD68- 
positive microglia/macrophages (Figure 5E). 



Efficacy of Carbamylerythropoietin Treatment with 
Extended Time-to-Treatment Window 

We further assessed whether animals treated with 
CEPO at a later time point after stoke, that is, 1 day, 
would exhibit improved functional recovery. 
Animals were administered CEPO intravenously at 
1 and 2 days after occlusion. A significant (P<0.01) 
recovery of sensorimotor function was observed at 



7 days after occlusion in CEPO-treated animals 
compared with vehicle-treated rats (Figure 6A). 
The effect was sustained at 14, 21, and 28 days 
postoperatively (P<0.01; Figure 6A). Additionally, 
CEPO-treated rats exhibited better contralateral fore- 
limb performance on the Hernandez-Schallert foot- 
fault test than the vehicle-treated animals 7 (P<0.01) 
and 28 days (P<0.05) after stroke (Figure 6B). 



Improvement of Functional Motor Recovery by 
Treatment with the Nonhematopoietic Mutant 
Erythropoietin S100E 

Some mutants generated by site-directed mutagen- 
esis of the human EPO encoding sequence lack 
affinity for the EPOR homodimer, but retain their 
tissue-protective property (Leist et al, 2004). We 
further tested the ability of the mutant EPO-S100E to 
improve neurologic function after stroke. When 
administered 3 h after ischemia, EPO-S100E signifi- 
cantly improved the sensorimotor score in the De 
Ryck test at 1 (P<0.01) and 14 days (P<0.05) 
postoperatively (Figure 7A). Moreover, EPO-S100E 
treatment resulted in reduced foot-faults compared 
with vehicle treatment at days 7 (P<0.05) and 14 
(P<0.05) after stroke (Figure 7B). Erythropoietin- 
S100E had no hematopoietic bioactivity as mea- 
sured in the UT7 EPO-dependent human leukemia 
cell line proliferation assay (Figure 7C). 



Discussion 

Our results show that postischemic intravenous 
treatment with CEPO elicits histologic protection 
and promotes recovery. CEPO treatment inhibited 
microglia activation and neutrophil infiltration, 
protected against ischemic white matter injury, 
reduced delayed striatal injury and thalamic glial 
activation, and ameliorated sensorimotor function. 
The time-to-treatment window with CEPO was 
extended to 24 h after stroke. Moreover, other none- 
rythropoietic derivatives such as Caranesp and the 
mutant EPO-SlOOE were also found to protect 
against ischemic damage and to improve post- 
ischemic neurologic function. 

Carbamylerythropoietin has been described pre- 
viously to decrease postischemic cortical infarct 
volume 1 day after occlusion (Leist et o7, 2004). We 
further assessed whether the neuroprotective effect 
of CEPO was sustained 7 days after occlusion. We 
found that CEPO treatment had no effect on the 
apparent cortical infarct volume at 7 days post- 
operatively as assessed by toluidine blue staining, 
One potential explanation is that infarct volume 
measurements in rodents become inexact and 
influenced by many confounding factors (tissue 
shrinkage, glial scarring, cell infiltrates) at periods 
of more than 3 days after the ischemic insult. 
These effects may have obscured a potential tissue 
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Figure 5 Facilitation of long-term recovery and attenuation of delayed thalamic glial activation by CEPO. (A) De Ryck sensorimotor 
test Animals were administered vehicle (n - 7), CEPO 3 h after occlusion (n - 5), or CEPO 3, 24, and 48 h after occlusion (n = 6). 
Carbamylerythropoietln-treated animals show significantly improved recovery of contralateral limbs at 21 and 50 days after 
occlusion. (B) Foot-fault test. Impairment in this test was significantly reduced by CEPO treatment starting from the first week after 
stroke and thereafter. Note that the two dosing regimens had similar effect on the improvement of clinical deficit Behavioral 
differences were statistically different between CEPO-treated rats (3 h after occlusion; n - 5) and vehicle-treated animals (n - 7) 
,JL < 2*2e : Kruska >- Wa,,ls tes t) and between CEPO (3, 24, 48 h after occlusion; n « 6)-treated rats and vehicle-treated animals 
i P < 0.05; Kruskal-Wallls test). (C) Representative reconstructed photomicrographs of GFAP immunostaining within the Ipsilateral 
thalamus. (D) Carbamylerythropoietin treatment (3, 24, and 48 h after occlusion) reduces thalamic astrogliosis (GFAP) at day 60 
after occlusion. (E) Thalamic CD68 immunostaining in vehicle- and CEPO-treated rats. (F) Effect of CEPO treatment (3, 24, and 48 h 
after occlusion) on thalamic macrophage activation (CD68) in vehicle- and CEPO-treated rats 60 days postoperatively. 
Immunostaining differences were statistically different between CEPO- and vehicle-treated animals i*P < 0 05 and **P < 0 01 • 
Student's f-test). 



protective effect, and the issue needs to be ad- 
dressed in the future by a longitudinal study based 
on magnetic resonance imaging technology. Another 
potential explanation is that this might reflect 
differential effects of CEPO on acute and delayed 
infarct expansion, as observed for other compounds 
(Tateishi et a], 2002). In our stroke model, the 
temporary occlusion of the contralateral CCA pro- 
duces a penumbra surrounding the fixed MCA 
lesion (Zimmerman et al t 1995) and a wide ischemic 



penumbra is a prerequisite for the occurrence of a 
delayed infarct expansion (Hossmann, 1994). It can 
thus not be refuted that CEPO treatment might delay 
cortical infarct expansion without affecting final 
cortical infarct volume. In line with this view, we 
further observed that cortical infarct volume at day 
7 after occlusion was not affected in rats treated 
with EPO. The separation between behavioral out- 
come and infarct size after EPO treatment has been 
described before (Renzi et al, 2003; Wang et a!, 
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Figure 6 Improvement of postischemic motor function by CEPO 
with extended time-to-treatment window. (A) De Ryck sensor- 
imotor test. Animals were administered vehicle {n « 5) or CEPO 
(n = 5) intravenously 1 and 2 days after MCA occlusion. 
Delayed treatment with CEPO elicits recovery of contralateral 
limbs at day 7 after occlusion and up to 50 days after ischemia. 
(B) Foot-fault test. Delayed CEPO treatment ameliorates 
neurologic function in the Hernandez-Schallert foot-fault 
test 7 and 28 days postoperatively. *P < 0.05 and **P < 0.01 
compared with vehicle-treated group; Mann-Whitney test. 



2004a), indicating that dosing regimen may be 
critical for long-term histologic effect of EPO and 
EPO derivatives. Nevertheless, EPO, CEPO, and 
related analogs all elicited robust and long-lasting 
improved functional recovery, suggesting a poor 
correlation between final cortical infarct volume 
and behavioral outcome in our model, as described 
before in other models. For instance, intravenous 
administration of a subneuroprotective dose of 
brain-derived neurotrophic factor was found to 
improve functional outcome without affecting final 
infarct size (Schabitz et ah 2004). Because infarct 
volume correlates only moderately with clinical 
outcome of stroke patients, it was suggested to 
constrain the use of infarct volume as a surrogate (or 
auxiliary) end point in ischemic stroke clinical trials 
(Saver et a/, 1999). 

Cerebral infarction induced by tandem permanent 
occlusion of the right MCA and ipsilateral CCA 
followed by temporary occlusion of the contralateral 
CCA has been shown to be confined to the cortical 
zone (Zimmerman et a!, 1995). However, using 
Fluoro-Jads B, a polyanionic fluorescein derivative 
which sensitively and specifically binds to degen- 
erating neurons (Schmued et al, 1997), we were able 
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Figure 7 Improvement of motor function after stroke by the 
nonhematopoletlc mutant EPO-S100E. (A) De Ryck sensori- 
motor test. Vehicle (n = 8) or EPO-S100E (SIOOE; n = 8) was 
administered intravenously 3h after occlusion. SIOOE treat- 
ment improved sensorimotor function 1 and 14 days after 
occlusion. (B) Foot-fault test. SlOOE-treated rats had a better 
contralateral forelimb performance on the Hernandez-Schallert 
foot-fault test than the vehicle-treated animals 7 and 14 days 
after stroke. *P < 0.05 and **P < 0.01 compared with vehicle 
group; Kruskal-Wallis test. (C) Hematopoietic bioactivity of 
SIOOE in the UT7 EPO-dependent human leukemia cell line 
proliferation assay 



to show extensive neuronal degeneration in the 
ipsilateral out not the contralateral striatum 7 days 
after occlusion. Furthermore, we found that CEPO 
dramatically protected animals against postischemic 
delayed striatal damage. Delayed degeneration of 
fiber tracts in the striatum after focal ischemia, 
as evidenced using Fluoro-Jade staining has been 
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documented before (Butler et al, 2002). Fluoro-Jade 
was proposed as a useful alternative to tedious (e.g., 
suppressed silver staining) or nonspecific staining 
methods (e.g., toluidine blue) for the evaluation of 
postischemic damage. Moreover, because Fluoro- 
Jade labelling is not specific to a particular mechan- 
ism of injury or type of cell death, the method 
broadens the opportunities to assess neuroprotec- 
tive effect of compounds. 

Recently, Belayev et al (2005) reported that treat- 
ment of experimental focal stroke with darboetin alfa, 
a novel EPO-derived protein, resulted in behavioral 
and histologic neuroprotection. Our observation that 
Caranesp is neuroprotective in vitro and in vivo (same 
degree as observed with CEPO) broadens the proof- 
of-concept for carbamylation of other EPO-derived 
erythropoiesis -stimulating agents. The carbamylation 
of EPO-derived agents thus may have potential utility 
in treating stroke in the clinical setting. 

Focal ischemia elicits a profound inflammation 
response that is believed to contribute to cell 
death (Dirnagl et al, 1999). Although clinical trials 
undertaken with compounds inhibiting cellular 
inflammation have not shown efficacy so far, further 
development of strategies to modulate postischemic 
inflammatory events remain attractive (Legos and 
Barone, 2003; Dirnagl, 2004). In addition to its 
neuroprotective effect, EPO administration is also 
associated with decreased production of proinflam- 
matory cytokines within the ischemic tissue after 
focal stroke (Villa et al, 2003). Similarly, tissue 
protection by CEPO has been correlated with 
reduced inflammatory mediators (interleukin-6 and 
membrane cofactor protein-1 levels) in ischemic 
tissue (Leist et al, 2004). We herein further show that 
CEPO inhibits perifocal microglial activation and 
reduces polymorphonuclear leukocyte infiltration 
within the ischemic core, possibly leading to 
decreased damage. However, the exact mechanisms 
underlying the antiinflammatory properties of CEPO 
treatment after stroke remain to be elucidated. 

Few compounds have been examined for their 
ability to protect against ischemic white matter 
damage in preclinical models before reaching 
clinical trials. Nevertheless, functional recovery 
after an ischemic insult will be improved not only 
by protection of cortical gray matter but also 
protection of associated white matter (Dewar et al, 
1999). A reason why stroke clinical trials have, so 
far, proved disappointing might reside in the 
inability of the tested drugs to protect white matter, 
specifically axons and oligodendrocytes, against 
ischemic damage (Dewar er al, 1999). Accordingly, 
ability of drugs to protect white matter damage was 
recently proposed as an additional read-out to the 
STAIR recommendations for preclinical evaluation 
of compounds before progression to clinical trials 
(Green et al, 2003). Our current observation that 
white matter damage, as reflected by Tau-1 immuno- 
staining index, was reduced by CEPO treatment thus 
may have important clinical implications. 



The present study further shows that CEPO is not 
only a neuroprotectant but also mediates functional 
recovery after stoke. The administration of CEPO 3 h 
after stroke improved functional neurobehavior, as 
assessed by sensorimotor and foot-fault placing 
tests. This beneficial effect was maximal within 
the first week after treatment and persisted through- 
out the 50-day survival period. The mutant EPO- 
S100E, which lacks affinity for the EPOR homo- 
diraer but retains its neuroprotective activity in vitro 
(Leist et al, 2004), improved postischemic behavior- 
al outcome to a similar extent to that observed 
with CEPO treatment. This interesting observation 
further supports the existence of a second cognate 
receptor mediating neuroprotective activities of 
EPO. Several studies using various models of 
ischemic stroke have reported beneficial effect 
of EPO on postischemic behavioral outcome 
(Sadamoto et al, 1998; Wang et al, 2004a; Chang 
et al t 2005; Spandou et al t 2005). We herein provide 
further evidence that CEPO treatment ameliorates 
the functional recovery even if administered 24 h 
after stroke. Similarly, delayed administration of 
CEPO by up to 48 or 72 h after spinal cord injury 
resulted in enhanced functional recovery (Leist et al 
2004). This information is critical from the clinical 
point of view when treating patients in subacute or 
even long-term dosing regimes and distinguishes 
CEPO as a potential treatment of stroke from many 
other drugs that failed in clinical trials. 

Functional improvement elicited by CEPO tieat- 
ment after stroke could be caused by modulation 
of long-term tissue inflammation. The outcome of 
behavioral impairment in the foot-fault test signifi- 
cantly correlated with the extent of both microglia/ 
macrophage and astrocyte activation in the ipsilat- 
eral thalamus. Moreover, we found that the bene- 
ficial effect of CEPO treatment on neurobehavioral 
effect is associated with reduced thalamic glial 
inflammation. Increased astrocytic and microglial 
reactivity is a common feature of neurologic dis- 
orders, but whether beneficial or adverse effect on 
neuronal function predominate is unclear. Recent 
studies have suggested that reactive astrocytes 
secrete neurotrophic factors at the lesion site in 
response to injury (Clarke er al, 2001), providing a 
permissive substrate for axonal regrowth (Ridet et al, 
1997). However, at later stages, scar-type astrocytes 
may be an obstacle to axonal regrowth (Fawcett and 
Asher, 1999). Our observation that reduced glial 
activation at late stage (e.g., 2 months after stroke) 
after CEPO treatment is associated with diminished 
behavioral impairment corroborates recent findings 
by Badan et al (2003) demonstrating that increased 
postischemic glial reactivity in aged rats correlates 
with reduced functional recovery. 

In the time frame of 60 days after stroke, long- 
term neurorestorative effects of CEPO may also be 
considered, such as angiogenesis and neurogenesis. 
Erythropoietin, in addition to a direct protective 
effect on neuronal cells during cerebral ischemia, 
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has been reported to promote brain vessel growth 
in vivo and in vitro (Marti et al, 2000). Recently, 
Wang er al (2004a) showed that treatment with EPO 
significantly improved poststroke functional recov- 
ery along with increased density of cerebral micro- 
vessels and number of neuroblasts in the perifocal 
area. Erythropoietin receptor conditional knock- 
down were further found to lead to deficit in 
poststroke neurogenesis through impaired migration 
of neuroblasts to the peri-infarct cortex, suggesting 
that both EPO and EPOR are essential for migration 
of regenerating neurons during postinjury recovery 
(Tsai et al, 2006). Studies to evaluate the effect of 
CEPO and other nonerythoropoietic EPO derivatives 
on postischemic angiogenesis and neurogenesis are 
warranted. 

In conclusion, our present findings add to the 
accumulating evidence that engineered derivatives 
of EPO that are tissue protective without stimulating 
erythropoiesis could have significant clinical appli- 
cation for the treatment of stroke. 
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